Characterisation of full-length mitochondrial copies and partial nuclear copies (numts) of the cytochrome b and cytochrome c oxidase subunit I genes of Toxoplasma gondii, Neospora caninum, Hammondia heydorni and Hammondia triffittae (Apicomplexa: Sarcocystidae).
Genomic DNA was extracted from three oocyst isolates of Hammondia triffittae from foxes and two oocyst isolates of Hammondia heydorni from dogs, as well as from cell culture-derived tachyzoites of Toxoplasma gondii (RH strain) and Neospora caninum (NC-Liverpool strain), and examined by PCR with primers targeting the cytochrome b (cytb) and the cytochrome c oxidase subunit I (cox1) genes in order to characterise both genes and, if possible, the remainder of the mitochondrial genome of these species. Several primers were designed and used in various combinations to amplify regions within and between both genes and to determine gene order. When certain forward primers targeting cytb were used in combination with certain reverse primers targeting cox1, two overlapping sequences were obtained for each species and isolate studied, which showed that a full-length copy of cytb was followed 36-37 bp downstream by a full-length copy of cox1, and these sequences are believed to represent the true mitochondrial genes and the gene order in the mitochondrial genome of the four species examined. The cytb of T. gondii, N. caninum, H. heydorni and H. triffittae comprised a total of 1,080 bp (359 amino acids) and used ATG and TAA as start and stop codon, respectively. The cox1 of these species also used TAA as stop codon, whereas the most likely start codon was ATG, resulting in a gene comprising 1,491 bp (496 amino acids). Pair-wise sequence comparisons based on either cytb or cox1 clearly separated T. gondii from N. caninum and both of these species from the two Hammondia species, whereas the latter two species were 100 % identical at cytb and shared 99.3 % identity at cox1. Phylogenetic analyses using the maximum-likelihood method confirmed these findings and placed T. gondii in a clade separate from the three other species and all four Toxoplasmatinae in a sister clade to Eimeria spp. PCR with other primers and/or primer pairs than those used to obtain the full-length mitochondrial genes yielded several types of about 1-1.5 kb long sequences, which comprised stretches of the primer-targeted genes at both ends and an intervening non-coding sequence of various length and composition. Thus, portions of cytb could be found both upstream and downstream from portions of cox1 and portions of the same gene could be found adjacent to each other (cytb→cox1; cox1→cytb; cytb→cytb; cox1→cox1). Sequence comparisons revealed that some of these gene fragments were truncated genes, whereas others included the putative start or stop codon of the full-length mitochondrial genes. From the nature of the gene fragments and/or their flanking sequences, they are assumed to be located on the chromosomes of the nuclear genome and to represent nuclear mitochondrial DNA segments (numts) or pseudogenes. In the four species examined, there were no nucleotide differences between the full-length mitochondrial copies of cytb and cox1 and their various incomplete nuclear counterparts. With a few exceptions, identical numt types and closely similar flanking sequences were obtained for all four species, which would indicate that the original transfer of these mitochondrial genes to the nuclear genome and/or the majority of any subsequent rearrangements of these gene fragments within the nuclear genome happened before the four species diverged. Yet, there were species-specific differences in the nucleotide composition of the nuclear gene fragments, identical to the differences in the mitochondrial genes, which would indicate that the incomplete nuclear copies of cytb and cox1 have been continuously updated during evolution to conform to their mitochondrial parent genes. The PCR-based findings of numts were further supported by Basic Local Alignment Search Tool (BLAST) searches against genome sequences of T. gondii and N. caninum using the concatenated mitochondrial cytb/cox1 sequences as queries. These searches revealed the presence of numerous numts of eighth distinct types in both species, with each one having a fixed starting and end point with respect to the nucleotide positions in the full-length mitochondrial genes. Four numt types were completely homologous between both species, whereas four other types differed with respect to their end point and/or the absence/presence of a 96-bp deletion. Each starting and end point was associated with a unique 100-200-bp long flanking sequence, which further revealed the presence of numts. For both species, the numt types and their various arrangements with respect to each other were identical or similar to those obtained by PCR in all four species examined. None of the identified numts covered a full-length gene, but together, the various numts covered the entire mitochondrial cytb and cox1 genes in an overlapping manner. In addition, they were fairly closely spaced on the chromosomes, and these features may explain why the nuclear copies were preferentially amplified to the exclusion of the true mitochondrial genes with most primers and primer pairs used in the present study. The possibility of a similar high prevalence of numts occurring in the nuclear genome of dinoflagellates is discussed.